Purpose: An ancillary phase II study was conducted to study interindividual variability in cetuximab pharmacokinetics and its influence on progression-free survival (PFS) in metastatic colorectal cancer patients cotreated with irinotecan and 5-fluorouracil.
Introduction
Colorectal cancer is one of the most common causes of cancer death in the Western world, ranking second in Europe and third in the United States (1) . Cetuximab (Erbitux), an IgG1k monoclonal antibody binding to the extracellular domain of the epidermal growth factor receptor (EGFR), has shown relevant clinical activity in the treatment of patients with chemotherapy-resistant metastatic colorectal cancer (2) (3) (4) . Recently, data from an increasing number of studies have suggested that response to cetuximab seems confined to patients with metastatic colorectal cancer bearing tumors with wild-type KRAS (5-8), but the results are still inconclusive, partially because of the relatively small sample size of each study (9) . Even in patients with wild-type KRAS tumor, an interindividual variability in response to cetuximab is observed. New prognostic and predictive factors are therefore needed to improve patient management.
Part of the interindividual variability in response to cetuximab may be explained by the interindividual variability in its pharmacokinetics. Fracasso and colleagues observed, in patients treated for different types of carcinomas, that responders had higher cetuximab trough serum concentrations than nonresponders (10) . Interindividual pharmacokinetic variability has indeed been reported for all monoclonal antibodies (11, 12) .
The aim of the present study was to analyze the influence of cetuximab pharmacokinetics on progression-free survival (PFS) of metastatic colorectal cancer patients treated with cetuximab in association with optimized 5-fluorouracil and irinotecan doses.
Materials and Methods

Patients
This ancillary study was part of a multicenter, noncomparative, open-label, phase II study (ClinicalTrials.gov identifier: NCT00559741) that enrolled patients between October 2005 and January 2008. The study was designed in accordance with legal requirements and the Declaration of Helsinki and was approved by the ethics committee of Angers University Hospital, France. All patients gave written informed consent. Eligible patients (18-80 years old) had histologically confirmed stage IV colorectal adenocarcinoma with unresectable metastases, immunohistochemically detectable EGFR expression in the primary tumor or metastases, more than one unidimensionally measurable lesion outside previously irradiated areas, a life expectancy of 3 months or more, a Karnofsky performance status of more than 60, a WHO performance status of 2 or less, satisfactory hematologic checkup, and no complete dihydropyrimidine dehydrogenase (DPD) deficiency. Main exclusion criteria were symptomatic uncontrolled cerebral or meningeal metastases, concomitant radiotherapy, and any previous or current cancer (except skin cancer, in situ uterine cancer, or curatively treated breast cancer). The influence of KRAS status on response to cetuximab has been described after the initiation of this study (5) . The analysis of KRAS mutation was therefore conducted retrospectively on resected tumors for patients who gave a specific, written informed consent.
Study design and treatment
The main study was designed to evaluate the safety and efficacy of irinotecan individual dose intensification. All patients received cycles combining weekly cetuximab and every other week chemotherapy, consisting of irinotecan and 5-fluorouracil. Cetuximab was administered as a 2-hour infusion loading dose of 400 mg/m 2 followed by weekly 1-hour infusions of 250 mg/m 2 . Irinotecan dosing was adjusted according to UGT1A1 genetic polymorphism. The standard 180 mg/m 2 dose was not modified in 6/7 [(TA) 6 TAA/(TA) 7 TAA] patients. After a first 180 mg/m 2 irinotecan dose, those of 5/5, 5/6, 5/7, and 6/6 patients were increased by 20% at each cycle, if tolerance was satisfactory, with a maximum dose of 300 mg/m 2 . The dose of 7/7 patients was reduced to 126 mg/m 2 (30% lower than standard 180 mg/m 2 dose). After a 200 mg/m 2 intravenous bolus of leucovorin, 5-fluorouracil was administered as a 400 mg/m 2 10-minute intravenous push followed by a 46-hour infusion. The initial 5-fluorouracil dose was adjusted according to DPD genotype and phenotype as described previously (13) . Then, the dose was tailored according to Paul Papin Cancer Center's practice, using pharmacokinetic monitoring as previously described (14) on the basis of 5-fluorouracil plasma concentrations measured after 43 hours (steady-state concentration). Dose-adjustment charts were based on previously reported ones (15) but adapted to bolus injection followed by 46-hour infusion. At the enrollment visit and every 3 months, an extensive checkup was done. At each visit, the weight was measured to adjust doses to body surface area (BSA).
KRAS and FCGR3A genotyping KRAS mutation. Formalin-fixed, paraffin-embedded (FFPE) tissues from 51 individuals harboring histologically confirmed metastatic colorectal cancer were analyzed retrospectively. Five FFPE sections per sample, mounted on glass slides, were reviewed for tumor content by an experienced pathologist. The indicated tumor cell areas were scraped with a scalpel. Genomic DNA was extracted with QIAamp DNA FFPE Tissue Kit (QIAGEN GmbH) according to the manufacturer's protocol. DNA concentration was determined by spectrofluorometric measurements. PCR was used to amplify part of the KRAS exon 2 and exon 3, and single-strand DNA preparation and pyrosequencing on a PSQ 96 pyrosequencer (Biotage) were done as previously described (16) . After adding specific sequencing primers, samples were run and analyzed on a PSQ 96 pyrosequencer (Biotage).
FCGR3A genotyping. After genomic DNA extraction from whole blood, FCGR3A-V158F genotyping was done by an allele-specific real-time PCR assay based on SYBR Green fluorescence (17) .
Cetuximab pharmacokinetic analysis
Blood samples were collected to measure cetuximab serum concentrations. At the time of first infusion, blood samples were collected 2, 3.5, and 5.5 hours after the beginning of the infusion. Every other week, blood samples were collected before and 44 hours after the beginning of the infusion. Cetuximab serum concentrations were measured by a validated ELISA (18) . Limit of detection was
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0.012 mg/L and lower limit of quantitation (LLOQ) was 0.75 mg/L. Data were analyzed using the nonlinear mixedeffect modeling software MONOLIX 3.1 (19, 20) , a population pharmacokinetic software. The use of MONOLIX Simulated Annealing function and 6 Markovian chains per run allow the algorithm to converge. A run was accepted only when the Fisher information matrix was obtained.
Structural model design. A dose dependency of cetuximab pharmacokinetics was previously reported (21) (22) (23) (24) (25) . This phenomenon was also observed in the present study, with an accelerated decrease at low concentrations. Oneand 2-compartment models with first-order and/or saturable elimination from the central compartment were tested to describe this nonlinearity. To describe the saturable component of the elimination of cetuximab, a Michaelis-Menten equation with maximum elimination rate (V max ) and the Michaelis-Menten constant (K m ) was first tested. Although the fitting of the data was good, K m could not be estimated reliably because it was below the LLOQ (0.75 mg/L). Therefore, the saturable component of the elimination was simplified to zero-order elimination, described by constant k 0 . The other pharmacokinetic parameters were central (V 1 , with concentration C 1 ) and peripheral (V 2 , with concentration C 2 ) volumes of distribution and systemic (CL) and distribution (Q) clearances. The model is as follows:
The final model included random effects for all pharmacokinetic parameters. A proportional error model gave the best description of residuals. All models were compared using goodness-of-fit and residual plots, Akaike's information criteria, and other standard validation procedures.
Covariates. Before building the covariate model, all potential covariates were plotted against each other to identify any strong correlation to avoid simultaneous inclusion of correlated predictors (26) . Several continuous covariates were tested: age, weight, BSA, irinotecan dose, initial serum albumin, and initial blood counts. Continuous covariates (COV) were centered on their median value COV med , as follows
where u 0 is the value of u for a median subject and b COV quantifies the influence of COV on u.
The influence of following discrete covariates was tested: sex, initial disease grade (1-4), DPD activity (normal or deficient), UGT1A1 polymorphisms (6/6 vs. 6/7 or 7/7), and line of treatment (first or second). Discrete covariates (CAT) on u TV were implemented as follows:
where u CAT ¼ ref is the value of u TV for an arbitrary reference category, and b CAT ¼ i leads to the value of u TV for the ith category. The covariate model was built using a stepwise forward addition/backward deletion modeling approach (27) . Inclusion of a covariate-parameter relationship was based on the likelihood ratio test. A covariate was included in the model during a forward addition step if a significant (P < 0.05) decrease in the objective function value was observed (e.g., of 3.84 for 1 df). A covariate was kept in the model during a backward deletion step if a significant (P < 0.001) increase in the objective function value was observed (e.g., 10 .83 for 1 df).
Secondary parameters. Because only time-independent prognostic factors can be included in a Cox model and because our pharmacokinetic model combines concentration-dependent and concentration-independent elimination rates, we used a global nonparametric pharmacokinetic parameter to quantify cetuximab elimination. Cumulative area under the cetuximab concentration versus time curve (cumulative AUC) at the time of the event (progression, death, or censoring) was computed during the estimation of the model parameters. Cetuximab global clearance at the time of the event was calculated by dividing cumulative cetuximab dose by cumulative AUC. Because the assessment of cetuximab global clearance requires pharmacokinetic modeling using samples taken over time, we investigated whether early cetuximab residual concentration (day 14) could provide an index of patient exposure, using only data from patients who received the first 2 scheduled cetuximab injections (71 patients).
PFS analysis
Time to progression was calculated as the delay between the first day of cetuximab treatment and the first observation of disease progression or death from any cause. If a patient had not progressed or died, time to progression was censored at the time of last known follow-up visit. Median PFS and its 95% CI were estimated by the Kaplan-Meier method. The hazard ratios (HR) were estimated by univariate and multivariate Cox proportional hazards regression models. The influence of potential prognostic factors on HRs was tested by likelihood ratio with and without the prognostic factor. Different time-independent potential prognostic factors were tested, both continuous (age, irinotecan mean weekly dose, cetuximab systemic clearance, zero-order elimination constant k 0 , and cetuximab global clearance, i.e., cumulative dose divided by cumulative AUC) and categorical (sex, first or second line, cetuximab global clearance below or above median value, KRAS status, FCGR3A-V158F, UGT1A1 genotypes, and cetuximab-related skin toxicity as described later).
Cetuximab-related skin toxicity
Toxicity was graded for severity from grades 1 to 5 according to the Common Terminology Criteria for Adverse Events (CTCAE) v3.0 scale. Treatment had to be stopped in case of grade 4 severity and the French drug agency (Afssaps) had to be notified. Cetuximab-related skin toxicity was reported as the higher grade of dermatologic adverse events, with the exclusion of hand-foot skin reaction that is mainly due to 5-fluorouracil (28) . Cetuximab-related skin toxicity was analyzed on days 7, 14, and 21.
Results
Ninety-six patients were included (Table 1) . A total of 1,253 cetuximab serum concentrations (mean of 13 samples per patient) were available. Median residual concentrations were 41 and 54 mg/L on days 14 and 28, respectively. Except for pretreatment samples, only 28 concentrations were below LLOQ (0.75 mg/L; ref. 18 ) and were left-censored. Therefore, the estimation of maximum likelihood was unbiased (29) . A 2-compartment model with both first-and zero-order eliminations gave the best results. This model could indeed describe both high and low concentrations of cetuximab (Fig. 1) . Saturable elimination was most important at concentrations below 10 mg/L, whereas linear elimination was preponderant at high concentrations. Volumes of distribution of the central (V 1 ) and the peripheral (V 2 ) compartments as well as saturated elimination rate (k 0 ) increased with BSA. Inclusion of BSA reduced the variances of V 1 , V 2, and k 0 by 15%, 17%, and 12%, respectively ( Table 2 ). Initial serum albumin concentration was significantly related to first-order elimination clearance of cetuximab; this parameter decreases when serum albumin increases. Inclusion of initial serum albumin reduced CL variance by 8.3%. Other tested covariates did not influence cetuximab pharmacokinetics.
Within the first 7 days of treatment, patients who had had higher cetuximab-related skin toxicity grade equal or superior to 2 had a higher k 0 value (P ¼ 0.014). The same relation was observed for the first 14 days of treatment (P ¼ 0.036). No significant relationship was observed between cetuximab-related skin toxicity and cetuximab CL or global clearance.
Median PFS of the overall group of 96 patients was 6.5 months (95% CI: 5.4-7.4; Table 3 ). Cetuximab global clearance had a significant influence on PFS, with risk of disease progression decreasing with cetuximab global clearance (P ¼ 0.00016). Median PFS of patients with a cetuximab global clearance below median value was 8.5 months as compared with 3.3 months for the other patients (P ¼ 0.000049; Fig. 2A ). Residual cetuximab concentrations measured on day 14 were log-linearly related with global clearance (r 2 ¼ 0.54; Fig. 3 ). Median PFS of patients with a cetuximab residual concentration on day 14 below median value was 3.3 months as compared with 7.8 months for the other patients (P ¼ 0.004).
In the subgroup of 51 patients with known KRAS tumor status, median PFS was 6.6 and 7.1 months in patients with wild-type KRAS and mutated KRAS tumor, respectively (P ¼ 0.66). The influence of cetuximab global clearance on risk of disease progression was confirmed in the subgroup of patients with wild-type KRAS tumor: median PFS of patients with cetuximab global clearance below median value was significantly longer than that of the other patients (9.2 vs. 3.1 months, respectively, P ¼ 0.013; Fig. 2B ). In the wild-type KRAS group, median PFS of patients with a cetuximab residual concentration on day 14 below median value was 3 months as compared with 10 months for the other patients (P ¼ 0.03).
No influence of cetuximab global clearance on median PFS was observed in the mutated KRAS group. No significant influence of FCGR3A polymorphism on PFS was observed in the whole population. In wild-type KRAS patients, a trend toward a better PFS was observed in FCGR3A-158V/V patients, with a time to progression of 10.1 months vs. 6.0 months for FCGR3A-158F allele carriers (P ¼ 0.51). Of note, 3 of 6 V/V patients discontinued A trend toward improved survival was observed in patients who had experienced cetuximab skin toxicity of any grade within the first 21 days of treatment (P ¼ 0.077).
Discussion
This is the first study analyzing the influence of cetuximab pharmacokinetics on its efficacy in metastatic colorectal cancer patients. Individual exposure to cetuximab was estimated by a population pharmacokinetic approach, and cetuximab global clearance showed a significant influence on PFS. To our knowledge, the only previous study analyzing the relationship between the serum concentrations of cetuximab and its efficacy was that of Fracasso and colleagues, who observed higher trough concentrations in responders than in nonresponders, in a cohort of patients treated for different types of carcinomas (10) .
The first population pharmacokinetic study of cetuximab was reported by Dirks and colleagues in head and neck (24) . The authors described all cetuximab elimination as nonlinear, using a model based on the Michaelis-Menten equation. In the present study, a model combining linear and nonlinear eliminations gave better results, a fact that may be explained by the differences in patient populations (metastatic colorectal cancer vs. head and neck cancer). The superiority of this latter model was more pronounced at cetuximab concentrations lower than 10 mg/L (Fig. 1) when one of the weekly infusions of cetuximab had been omitted.
The elimination of plasma proteins, including IgG and albumin, occurs via intracellular catabolism, following fluid-phase endocytosis, a mechanism that is not saturable (30) . A fraction of endocytosed IgG (and albumin) is protected from degradation by a specific receptor, FcRn, whose function is not saturated at therapeutic concentrations of monoclonal antibodies (30) . Antibodies also undergo receptor-mediated elimination after binding to their target antigen. This latter elimination is, by definition, capacity limited (saturable) because of finite availability of the target antigen. The structural model used in the present study should therefore provide a more mechanistic description of cetuximab elimination than the other models tested, because it takes into account the different mechanisms of elimination and combines nonsaturable (first-order) and saturable (zero-order) eliminations. The relationship between early skin toxicity and k 0 but not CL seems to indicate that the zero-order elimination depicts an EGFRspecific elimination pathway and that the first-order elimination pathway does not. A similar type of model was previously used to describe the pharmacokinetics of panitumumab, another anti-EGFR monoclonal antibody (11), the saturable part of elimination being described by a Michaelis-Menten equation.
Cetuximab pharmacokinetics was also previously analyzed by nonparametric approaches, either given as monotherapy in different types of solid tumors (23) or associated with irinotecan and 5-fluorouracil/folinic acid (FOLFIRI) in metastatic colorectal cancer (25) . Tan and colleagues reported a significant association between cetuximab clearance and both BSA and weight (23) . We observed an influence of BSA on V 1 , V 2 , and k 0 , the zero-order constant describing the saturable elimination of cetuximab. The dosing of this monoclonal antibody is indeed based on BSA. The increase in k 0 with BSA may be explained by the fact that EGFR is also present at the surface of normal epidermal cells and that, therefore, target-mediated elimination increases with BSA. We also observed an inverse relationship between initial serum albumin concentration and the nonsaturable component of cetuximab elimination. Such an association was also reported both for bevacizumab (31) and for infliximab (32) . Because both albumin and IgG are protected by FcRn (33) , their clearance may be affected in similar ways by modifications of FcRn activity.
To study the relationship between cetuximab concentration and clinical response, we used time to progression to construct Kaplan-Meier curves of PFS. The potential influence of time-independent prognostic factors was analyzed by Cox proportional hazards regressions (Table 3) . Because the cumulative AUC is dependent on time to progression and time of follow-up, we used cetuximab global clearance (cumulative cetuximab dose divided by cumulative AUC) to obtain a time-independent marker of individual elimination of cetuximab. The risk of disease progression decreased significantly with decreasing cetuximab global clearance. Because the assessment of cetuximab global clearance requires pharmacokinetic modeling that relies on samples taken over time, we investigated whether early cetuximab residual concentration (day 14) could provide a relevant index of patient exposure. Cetuximab trough concentrations on day 14 were a good index of global clearance (Fig. 3) and were significantly related to PFS (Fig. 2C ). The present study included an individual dose adjustment of irinotecan and 5-fluorouracil, and our results may not apply to standard dosing regimens. Although the relationship between cetuximab clearance and PFS might be broadly applicable, our results therefore need to be confirmed.
We observed no significant effect of FCGR3A-V158F genetic polymorphism on PFS. Bibeau and colleagues studied metastatic colorectal cancer patients treated by cetuximab and observed that FCGR3A-158V/V patients had a better response than those carrying the FCGR3A-158F allele (34) . However, our studies are different in several aspects. In the present study, all patients were treated by optimized FOLFIRI (5-fluorouracil/folinic acid and irinotecan) whereas 67 of 68 patients of the study of Bibeau and colleagues were cotreated by conventional doses of irinotecan only (34) . In addition, in our study, an individual dose optimization was done for irinotecan based on UGT1A1 genotyping and for 5-fluorouracil based on both DPD (13) and 5-fluorouracil plasma concentration monitoring (14) . This individualized and stronger associated chemotherapy may have hidden the effect of FCGR3A polymorphism on cetuximab therapeutic effect.
For both cetuximab (2) and panitumumab (35) , a correlation between skin toxicity and survival was reported. In the present study, such a relationship was observed but it did not reach statistical significance (P ¼ 0.077). This may be explained by the individual dose intensification of irinotecan and 5-fluorouracil carried out: these drugs playing a larger role in patients' response than in conventional chemotherapy regimens used in previous studied.
The KRAS status of the tumor, which was available in a subgroup of 51 patients, had no direct significant influence on PFS. Mutation of KRAS tumor is, however, a well-established negative predictive factor of response to anti-EGFR monoclonal antibodies (5). The present study was started in 2004, before the influence of KRAS status on cetuximab response has been reported (5, 36, 37) . As a consequence, tumor tissue was not available for all patients and the lack of a significant influence of KRAS status may be explained by an insufficient power of our study. Again, the individual dose intensification of chemotherapy done in the present study may have compensated for the negative effect of KRAS mutation on the response to cetuximab. However, KRAS status did influence the relationship between cetuximab global clearance and PFS: in the wild-type KRAS group but not in the mutated KRAS group, risk of disease progression increased significantly with cetuximab global clearance.
In conclusion, using our sampling times, a 2-compartment model with combined linear and nonlinear eliminations provided the best estimation of cetuximab pharmacokinetics. Cetuximab pharmacokinetics, as assessed by global clearance and by cetuximab concentration on day 14, influences PFS of metastatic colorectal cancer patients treated in association with optimized FOLFIRI. These results strongly indicate that cetuximab dose and dosing regimen should be optimized, based on an individual assessment of its pharmacokinetics, to extend PFS in metastatic colorectal cancer patients. Nevertheless, this hypothesis needs to be confirmed in a prospective study, including only patients with wild-type KRAS tumors.
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